We investigated whether the presence of anemia is a risk factor for cardiovascular disease (CVD) outcomes in the general population. BACKGROUND Chronic anemia is a risk factor for CVD outcomes in patients with kidney disease and in patients with heart failure, but has not been evaluated as a risk factor in the general population.
Anemia has been shown to be a risk factor for left ventricular hypertrophy (LVH) as well as de novo and recurrent congestive heart failure in patients with end-stage renal disease (1) . A lower hematocrit is also a risk factor for all-cause mortality in patients with left ventricular dysfunction (2). Anemia has not, however, been evaluated as a risk factor for cardiovascular disease (CVD) in low-risk patients in the general population.
There are physiologic reasons, however, to suspect that the presence of chronic anemia may result in adverse long-term cardiovascular consequences. Chronic anemia may result in an increased cardiac output secondary to decreased afterload, increased preload and increased chronotropic and inotropic effects. Over time this may lead to ventricular dilation and LVH (3) (4) (5) . The chronic increase in cardiac output may also lead to arterial remodeling of central elastic arteries such as the aorta or the carotids. This remodeling in turn results in arterial enlargement and compensatory arterial intima-media thickening, or arteriosclerosis (5, 6) . The presence of either LVH or arteriosclerosis may be more directly associated with future CVD risk.
The Atherosclerosis Risk in Communities (ARIC) study is a prospective cohort study in the general population designed to investigate the risk factors for atherosclerosis in subjects whose age was between 45 and 64 years at baseline (7) . It is a suitable population to evaluate the hypothesis that the presence of anemia is a risk factor for CVD outcomes in a low-risk population who are not preselected for having CVD.
METHODS
The ARIC study is a prospective cohort study of atherosclerosis and its risk factors in four U.S. communities (7): Forsyth County, North Carolina; Jackson, Mississippi; the northwest suburbs of Minneapolis, Minnesota; and Washington County, Maryland. A total of 15,792 subjects age 45 to 64 years at recruitment were enrolled from 1986 to 1989. The data for our analyses were obtained from the public use database. The public use database includes extensive data on baseline demographics, CVD risk factors and subsequent CVD outcomes. To ensure confidentiality of the subjects in the public use databases, center location was not made available.
The current study is an analysis of the relationship of the presence of anemia, as well as its interaction with traditional coronary disease risk factors on CVD outcomes. We fo-cused our analysis on subjects without CVD at baseline. Therefore, we excluded 1,382 subjects (8.8%) who had either prevalent coronary heart disease (CHD) (defined by history of physician-diagnosed myocardial infarction (MI), prior MI by electrocardiogram, prior coronary artery bypass surgery or coronary angioplasty) (n ϭ 765), missing data on prevalent CHD (n ϭ 403) or missing hemoglobin levels at baseline (n ϭ 307). This left 14,410 subjects in the study cohort.
Anemia was defined by the World Health Organization criteria; that is, hemoglobin Ͻ12 g/dl in women and Ͻ13 g/dl in men (8) . We chose this criterion because it is a wellaccepted definition, which has been used in multiple studies including international comparisons (9 -11) . Therefore, it is generalizable. We acknowledge, however, that different cutoff levels to define anemia have been described (12, 13) .
The measured baseline characteristics included patient demographics (age, ethnicity, gender, education level [less than high school, high school, above high school]), past medical history (diabetes, hypertension, history of cerebrovascular disease, current smoking, current alcohol consumption), other traditional coronary risk factors as defined in the Framingham population (systolic blood pressure, diastolic blood pressure, total cholesterol, low density lipoprotein and high density lipoprotein cholesterol, body mass index, waist-hip ratio, LVH defined by voltage in electrocardiogram lead AVL being Ͼ11 mm), nontraditional CVD risk factors (sports activity index [defined on a continuous scale from 1 to 5]), albumin level, fibrinogen level, white blood cell count, uric acid, factor VIII activity, von Willebrand factor, predicted glomerular filtration rate using a recently validated formula from the Modification of Diet in Renal Disease Study and a calibration factor adjusting for differences in serum creatinine measurements between the Modification of Diet in Renal Disease and the National Health and Nutrition Examination Survey laboratories (14, 15) and medication use (aspirin, diuretics, vasodilator agents, cardiac agents).
Hemoglobin was determined in hospital-based independent laboratories within 24 h after venipuncture, after storage at 4°C, using automated particle counters (Coulter Diagnostics, Hialeah, Florida): in Jackson, Coulter SϩIV, calibration S-Cal; in Washington County, at two laboratories, both using Coulter SϩIV, calibration S-Cal; in Minneapolis, at one laboratory using two different counters, Coulter SϩIII and Coulter SϩIV, calibration S-Cal; in Forsyth County, Technicon H-6000 (Technicon Corporation, Tarrytown, New York), calibration Fisher ("Computrol") (16) . Blood tests for lipids, chemistries and hemostatic factors were measured in the ARIC central laboratories as previously described (7, 17) . Serum iron, transferrin saturation, ferritin, folate, B12 and measures of hemolysis were not measured in the full cohort.
The primary outcome was CVD defined by definite or probable MI, coronary angioplasty, coronary artery bypass surgery or definite CHD death. We also report the adjusted hazard ratios (HRs) for all-cause mortality, primarily to evaluate whether the results are consistent with the CVD data. We do not, however, focus on mortality and do not present the detailed partially and fully adjusted regression models. An ARIC Morbidity and Mortality Classification Committee used published criteria to adjudicate all potential clinical events (18) . Statistical analysis. Means, standard deviations and percentages were used to describe the baseline characteristics. Data were stratified by gender and the presence or absence of anemia. Chi-square tests for categorical variables and the Student t test for continuous variables were used to compare baseline data for each of these groupings.
Kaplan-Meier survival analyses for CVD outcomes stratified by the presence of versus the absence of anemia were performed separately in men and women. Log-rank statistics were used to test survival time differences between those with and without anemia.
Cox proportional-hazards regression was used to adjust the relationship between anemia and CVD for other covariates. All baseline characteristics were evaluated as risk factors for CVD in univariate analysis. Those variables significant in univariate analysis (p Ͻ 0.05) were then evaluated in a stepwise multivariable model in the entire study sample. The same variables significant (p Ͻ 0.05) in multivariable analysis in the entire sample were then adjusted for in subgroups of men, women, African Americans and whites.
We present the data initially after partial adjustment for age and race in subgroups of men and women, and age and gender in subgroups of African Americans and whites. We then present fully adjusted models in all subgroups. We chose to partially adjust for age, gender and race (19, 20) in all models, because of their well-recognized effects on the prevalence of anemia. In women we performed one model using all women and a separate model using only postmenopausal women. We did not perform a separate model on premenopausal women because Ͻ25% of women for whom the variable "menopausal status" was ascertained were considered premenopausal (21) . We did, however, adjust for menopausal status in all women. Models were formally tested for assumptions of proportional hazards by using a time-varying coefficient model and evaluating the p values for global and individual covariates.
We repeated the above analyses excluding coronary procedures in our composite CVD outcome. We also repeated
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ARIC ϭ Atherosclerosis Risk in Communities study CHD ϭ coronary heart disease CI ϭ confidence interval CVD ϭ cardiovascular disease HR ϭ hazard ratio LVH ϭ left ventricular hypertrophy MI ϭ myocardial infarction the above analyses including patients with prevalent CVD at baseline. We performed the latter two analyses primarily to evaluate the consistency of our results. Interactions between anemia status and both gender and race, as well as between anemia and other traditional coronary risk factors (as defined in the Framingham population) were tested by including a cross-product factor in the multivariable model and retaining it when significant (p Ͻ 0.05).
Data were analyzed using the Statistical Analysis System Version 8.1 (SAS Institute, Cary, North Carolina). Microsoft Excel 97 and S-Plus (MathSoft, Seattle, Washington) were used for graphs and tables. Testing was two-sided and p values Ͻ 0.05 were considered significant.
RESULTS
Baseline characteristics. The mean age of the cohort was 54 years; 26.6% of subjects were African Americans and 56.5% were women (Table 1) . Among participants, 4.5%, 11.1% and 33.8% had a history of cerebrovascular disease, diabetes and hypertension, respectively. Mean hemoglobin was 14.8, 13.1, 14.1 and 13.2 g/dl in men, women, whites and African Americans, respectively. Anemia was present among 4.8%, 13.0%, 21.6% and 5% of men, women, African Americans and whites, respectively. Mean hemoglobin was 12.1 g/dl in anemic men and 11.2 g/dl in anemic women (Table 1) .
Several differences were noted when one compared baseline characteristics between anemic and nonanemic participants stratified by gender (Table 1) . For example, anemic men tended to be slightly older, less educated, exercised less, were more likely African American and had a higher percentage of history of diabetes, LVH or hypertension as well as an increased use of cardiac medications. Anemic women tended to be slightly younger, exercised less, were more likely to be premenopausal, were more likely to be African American, were less likely to be smokers and had a 
Relationship between presence of anemia and outcomes.
Kaplan-Meier survival analysis ( Fig. 1) demonstrates that the presence of anemia is a risk factor for CVD survival in both men and women (log-rank p ϭ 0.03 for men and p ϭ 0.04 for women). The presence of anemia is associated with an adjusted HR (95% confidence interval [CI]) of 1.41 (1.01, 1.95) for CVD in the entire cohort (Table 2) . In subgroup analysis, the presence of anemia is also a risk factor for CVD outcomes in women (HR 1.71 [95% CI 1.01, 2.89]) and Figure 1 . Kaplan-Meier survival analysis for cardiovascular disease (CVD) in men and women stratified by presence versus absence of anemia. Log-rank statistics were significant (p ϭ 0.03 for men and p ϭ 0.04 for women) for differences between anemic and nonanemic subjects. Dotted line ϭ anemia; solid line ϭ nonanemia. Results were not substantially different if the primary outcome excluded coronary procedures or if subjects with prevalent CVD were included in the analyses (data not shown).
Interactions. There were no significant interactions between gender and race, or other traditional coronary risk factors as defined in the Framingham population, with the presence/absence of anemia on CVD outcomes.
DISCUSSION
Prior studies have suggested that a lower hematocrit or hemoglobin may be a risk factor for CVD outcomes in high-risk patients who already have CVD or have many risk factors for CVD. For example, in end-stage renal disease patients each 1 g/dl decrease in hemoglobin is associated with a 14% increased risk of death and a 28% increased risk for de novo heart failure (1). Similarly, in patients with a decreased ejection fraction a lower hematocrit is associated with an increased risk for death, which is primarily due to CVD (2) .
Prior studies have also suggested that the relationship between level of hematocrit (hemoglobin) and CVD in the general population is not linear (22, 23 ) and may better be described as a U-shaped relationship (24) . That is, patients with both low and high hematocrit have an increased risk of developing CVD. In the current analysis we evaluate whether subjects in the general population with low hemoglobin, that is, patients who meet the definition of having anemia, are at increased risk for developing CVD.
We chose a well-accepted cut-point for definition of anemia for our analyses (8) , namely a hemoglobin Ͻ13 g/dl in men and Ͻ12 g/dl in women. Our results demonstrated that the presence of anemia is an independent risk factor for CVD outcomes in the full cohort. Subgroup analysis suggested that the HR for CVD is similar in men, women, African Americans and whites, although the results are not statistically significant in all subgroups. Our retrospective analysis is unable to evaluate whether there are true differences in subgroups versus inadequate power to detect significant relationships in some of the subgroups; the similarity between the HRs in subgroups would tend to support the latter.
Our study is the first we know of that demonstrates that anemia is an independent risk factor for CVD outcomes in the general population. The mean hemoglobin levels in the anemic group were 12.1 g/dl and 11.2 g/dl in men and women, respectively. These values of hemoglobin are significantly higher than the traditional, but not rigorously proven, transfusion threshold of 10 g/dl in patients with pre-existing symptomatic CVD (25) . Levels of hematocrit above 10 g/dl have not previously been considered to be risk factors for CVD outcomes, even in patients with preexisting CVD.
There are several potential reasons anemia may be a risk factor for CVD outcomes. First, the presence of anemia, if extended for a long period, may result in ventricular remodeling and cardiac dysfunction. Chronic anemia with hemoglobin Ͻ10 g/dl is known to result in increased cardiac output that may lead to LVH (3, 4) . The latter is well appreciated in patients who are anemic secondary to their kidney disease (26 -28) , as well as in patients with sickle cell disease (29) . It remains unknown, however, whether chronic anemia in the range of anemic patients in the ARIC cohort could result in similar cardiovascular abnormalities. Second, the presence of anemia may in theory be a risk factor for myocardial ischemia. Although it is generally believed that lower levels of hemoglobin, compared with the mean level in anemic subjects in the ARIC cohort, are required to induce myocardial ischemia, this has not been rigorously studied. Third, reduced hemoglobin may be associated with other risk factors for CVD that were not ascertained in this study, such as decreased nutritional status, additional measures of lower socioeconomic status, or increased inflammatory status. (The observational nature of ARIC does not allow us to account for these factors.) For example, an increased inflammatory status may indeed be the causal risk factor associated with CVD outcomes, with the presence of anemia simply being a marker of an underlying inflammatory process. Against the latter hypothesis is the fact that other putative markers of inflammation, such as fibrinogen, white blood cell count, factor VIII and von Willebrand factor, do not change the strength of the association between anemia and CVD outcomes (data not shown). Study limitations. There are a few potential limitations of our analyses. We have alluded to the fact that because of the observational nature of our study we are unable to adjust for potential unmeasured confounding factors. In addition, it is theoretically possible that subclinical CVD may have caused anemia, rather than anemia having predisposed to CVD.
There are, however, two more specific limitations. The first is that we were unable to control for center effect. The public use database does not provide center information because of concern for confidentiality. We are unable to completely overcome this limitation, but have endeavored to control for all variables that may track with center location, such as education level, ethnicity and numerous comorbid conditions. Because we are unable to control for center effect, we also are unable to control for any differences in hemoglobin measurement among the four centers. Mea-surement of hemoglobin has been standardized for many years in the U.S., and all labs involved in ARIC measured hemoglobin using the cyanmethemoglobin method, the procedure recommended by the International Congress of Hematology (30) . Therefore, we believe it is unlikely that there would be a significant variation in hemoglobin measurements among centers.
The second limitation relates to the fact that our analysis only takes into account measurement of hemoglobin at one point in time. This results in two potential concerns. First, there may be misclassification of anemic subjects because of laboratory error, and second, duration of anemia is unknown. With regard to the latter, some subjects, particularly those with iron deficiency anemia who are treated with iron, may have a shorter duration of anemia than other subjects. We believe this potential bias would tend to weaken the association between anemia and CVD; therefore, our results showing an association between anemia and CVD appear robust. Unanswered questions. There are also two unanswered questions that should be investigated in future studies. First, the ARIC study did not assess laboratory factors or conditions that would help us ascertain the cause of the anemia, for example, subclinical liver disease or hemoglobinopathy, and indices of iron, folate or B12 deficiency. In theory, knowledge of these data may be instructive in suggesting potential mechanisms relating anemia to CVD. Second, we do not have sufficient statistical power to assess the relationship between anemia and CVD in exclusively premenopausal women because only 21% of women with sufficient data on menopausal status were premenopausal. Investigation of an exclusively premenopausal group would be important, because this subgroup in particular has a higher prevalence of iron deficiency anemia, which has traditionally been thought to be a benign condition. In fact, demonstration that iron deficiency anemia is a risk for CVD events would be counter to current thinking that suggests higher levels of iron may actually be a risk factor for atherosclerosis (31, 32) . Conclusions. The presence of anemia appears to be an independent risk factor for CVD outcomes in the ARIC population, a community cohort of patients between the ages of 45 and 64 years. Further studies are required to determine whether this is indeed a cause-and-effect relationship.
